Abstract-this paper presents a d-q model of dual stator induction machine supplied by a two identical PWM voltage source inverters suitable for analysis the dynamic steady under balanced operating condition. In the analytical model, the effects of common mutual leakage inductance between the two threephase stator winding sets have been included. The model has been developed in general reference frame and it is suitable for analysis of the machine behavior with spatially shifted by 0, 30 and 60 electrical degrees between the two three-phase stator winding sets.
I. INTRODUCTION
The use of multi phase induction machine for industrial drives has many advantages over the conventional three-phase drive such as reducing torque pulsation, reducing the stator current per phase without increasing the voltage per phase, reducing the rotor harmonic current and higher reliability, [1] [2] . In particular, with loss of one or more of stator winding excitation sets, a multi-phase induction machine can continue to be operated with an asymmetrical winding structure and unbalanced excitation, [1] .
By dividing the required power between multiple phases, higher power levels can be obtained and the limits of number of machine phases have been removed when employing voltage source inverter, [2] . The use of multi-phase machines permits to take advantage of additional degrees of freedom but is likely limited to specialized applications such as electric/hybrid vehicles, aerospace applications, ship propulsion, and high power application, [3] [4] [5] [6] [7] [8] [9] .
In the literature, a variety of transformations has been proposed for the analysis for multi-phase induction machine. T. A. Lipo [3] and G.K. Singh [4] derived a d-q model for a six phase machine in dynamic and sinusoidal steady-state; the slot leakage coupling between the two stator winding sets was incorporated into the model. In [2] [3] [4] the authors have explained this in detail, and have given the technique for finding the slot reactance. Nevertheless, there have been studies where the mutual leakage inductance has been neglected, [5-6-7] . The model for the six phase six-step voltage-fed induction motor has reported in [5] , The stator is rewound with two three-phase winding sets shifted by 30 electrical degrees, where mutual leakage inductances has been neglected. From the experimental and simulation results, the advantage of the six-phase over the three-phase system is eliminated the six harmonic dominant torque ripple but a large stator current harmonic of order 6m±1, m=1,3,5... have been noticed, [5] . R. H. Nelson in [6] demonstrated by using computer simulation of a six-step voltage source inverter-fed dual threephase induction drive, that 30 electrical degrees shift between the two stator windings sets eliminates the sixth harmonic pulsating torque component and reduces the rotor harmonic components, through the peak stator currents were increased. In this paper, an analytical d-q model of dual stator induction machine has been developed in a general reference frame and the effect of mutual leakage inductance has been included. Subsequently, the DSIM is fed by two identical source inverters taking into account of 0°, 30° and 60° shift between the two three-phase stators winding sets and a comparison of three cases has been presented.
II. MACHINE MODEL
A common type of multiphase machine is the dual stator induction machine (DSIM), where two sets of three-phase windings, spatially phase shifted by 30 electrical degrees, share a common stator magnetic core as shown in Fig.1 , [7] [8] . 
A. Analysis in dynamic steady
The analytical d-q model has been developed in general reference frame and is suitable for analysis of the machine behavior with an arbitrary angle of displacement.
The voltage equations of the dual stator induction machine using decomposition vector space are as follow. For the stator circuit we can write: 
And for the rotor circuit we have:
Where a w is the speed of the reference frame. The expressions of stator and rotor flux linkages are: These equations suggest the equivalent circuit as shown in Fig.3 . The common mutual leakage inductance represents the fact that the two sets of stator windings occupy the same slots and are, therefore, mutually coupled by a component of leakage flux, [3] [4] . The electromagnetic torque and dynamic equations can be expressed as: 
After a calculation, we obtain the following matrices: 
With: (4), (6), (7), (9) and (10), for the displacement angle 0°, 30° and 60° respectively. The operating is characterized by an unloading start-up and then inserting the load torque from t=1s. The relative torque ripple rate is calculated from the following expression max -% .100 The performance for 30° shift is again superior to that for the other two cases 0° and 60°.The electromagnetic torque and rotor current pulsation are least for this shift. The torque pulsations about the average value are only 3.1% as compared to 9.4% for 0° and 60°. Figs. 9 and 11 shows the simulated value of stator current per phase 'a' set 'I' and rotor speed, respectively, when a step load change of 10 N.m at 1.0 s is affected. As shown in fig. 11 , the rotor speed is almost free of pulsations. When y-axis is zoomed, there is a speed variation of 14.7 rad/s, as observed in the extended view of speed. The magnitude of pulsations in the electromagnetic torque and rotor currents shows substantial reduction for 30 electrical degrees shift. The various studies performed on dual stator induction motor reveal that the electromagnetic torque characteristic of the machine, for a 30° shift between two stator winding sets, is substantially improved. According to the literature, this configuration eliminates the air gap flux time harmonic for ( 6m±1, m=1,3,5... ), [4] [5] . Consequently, d-q-axis rotor currents for 30° will be more sinusoidal. All the rotor copper losses produced by these harmonics as well as all the harmonic torques of order ( 6m, m=1,3,5... ) are eliminated when the DSIM is supplied by a two voltage source inverters. Thus, the rotor heating due to harmonic losses should be minimum with 30° shift. It is also evident that there is an increase in the stator current for 30°. This is due to additional harmonics in the stator current.
IV. CONCLUSION
In this paper, we have presented a general model for dual stator induction machine which is valid for all reference frames and any shift between the two three phase stator winding sets. A substantial improvement is observed for 30° shift between the two stator winding sets when supplied from a two PWM voltage source inverters. The effect of mutual leakage inductance between the two stator winding sets has been included in the model. For 30° shift, we concluded a reduction in torque ripples and the rotor heating is also reduced due to reduction in rotor currents. However, the peak stator currents per phase were increased.
